Objective. Regulatory B cells (Bregs) constitute a subset of B cells with immunomodulatory properties. Numerical and functional alterations in the Breg compartment have been associated with autoimmunity. The aim of this study was to assess the frequency and function of Bregs in patients with ANCA-associated vasculitis (AAV). Conclusion. Based on immunophenotypic classification, Bregs are numerically diminished in AAV patients. However, B cell function in terms of IL-10 production and their capacity to suppress monocyte activation is not compromised in AAV patients in remission.
Introduction
ANCA-associated vasculitides (AAVs) comprise a group of severe inflammatory diseases characterized by the presence of autoantibodies that target specific neutrophil cytoplasmic proteins, in particular PR3 and MPO [1] . AAVs primarily affect small-to medium-sized blood vessels, and based on clinical and pathological features, three disease entities can be distinguished-granulomatosis with polyangiitis (GPA), microscopic polyangiitis (MPA) and eosinophilic GPA [2, 3] .
Recently two major clinical trials demonstrated that treatment with the B celldepleting antibody rituximab is efficacious in inducing disease remission in AAV [4, 5] , and continuous B cell depletion might be a useful strategy for remission maintenance [6, 7] . These results underscore the crucial role of B cells in AAV pathogenesis.the precise role of B cells in AAV is incompletely understood.
Under physiological circumstances, B cells are critical players in the regulation of immune responses, providing protection against infection without causing overt damage to the host. This is accomplished through a finely regulated balance between B cell effector and regulatory functions exerted in an antibody-dependent as well as an antibody-independent fashion [8] . An increasing body of evidence indicates that in autoimmunity the interplay between pathogenic and protective B cell functions is dysregulated. In this context, the identification of regulatory B cells (Bregs) in both mice and humans has gained considerable interest in the autoimmunity field. Bregs are defined by their capacity to suppress immune responses primarily via provision of IL-10 [9] . A number of studies in mouse models of autoimmunity have shown that IL-10-producing B cells were capable of suppressing disease development [1013] . IL-10-producing Bregs and their possible contribution to autoimmune responses have also been studied in humans. Identification of circulating Bregs in humans has been suggested based on high expression of CD24 in combination with expression of either CD38 [14] or CD27 [15] (CD19   +   CD24   high   CD38 high or CD19 + CD24 high CD27 + ).
Interestingly, dysregulated frequencies and/or defective function of Bregs have been documented in autoimmune diseases, such as multiple sclerosis (MS) [16, 17] , SLE [14] and RA [18] . CD19 + CD24
high CD38 high cells from normal individuals were shown to suppress IFN-g production by CD4 + T cells, while in SLE patients B cell suppressive function was reduced [14] . Recent data also indicate that CD19 + CD24 high CD38 high cells inhibit the differentiation of naive T cells into Th1 or Th17 cells and promote the development of regulatory T cells [18] . These effects were mediated in part by provision of IL-10 and were found to be partially impaired in RA patients. Others have reported that IL-10-producing Bregs reside in the CD19 + CD24 hi CD27 + subset, which can suppress TNF-a production by monocytes [15] . Overall, current evidence indicates that Bregs play an important immune regulatory role and suggests that alterations in either number or function of Bregs contribute to pathogenic immune responses in autoimmune diseases. However, so far data on Breg frequency and/or function in AAV patients is limited. In the present study the frequencies of Bregs in peripheral blood were assessed in a cohort of AAV patients and healthy individuals based on cell surface markers. In addition, the capacity of peripheral B cells to produce IL-10 and their ability to suppress monocyte TNF-a production were determined.
Patients and methods

Study population
Peripheral blood was collected from 48 PR3-AAV patients [mean age 57.8 years (S.D. 13.6)] and 41 age-and sexmatched healthy controls [HCs; mean age 54.5 years (S.D. 7.4)]. The characteristics of patients and HCs included in the study are described in Table 1 . Thirty-two of 48 patients (67%) received oral CYC (2 mg/kg/day) and prednisolone (60 mg/day) for induction therapy. None of the patients had received rituximab prior to inclusion in this study. Patients were at least 3 months without CYC treatment before inclusion in this study. The diagnosis of GPA or MPA was based on the definitions outlined in the Chapel Hill Consensus Conference [19] , and GPA patients fulfilled the classification criteria of the ACR [19, 20] . Samples were obtained in compliance with the Declaration of Helsinki. All subjects provided informed consent and the study was approved by the Medical Ethics Committee of the University Medical Center Groningen, University of Groningen.
Flow cytometry for B cell phenotype analysis
The expression of CD24, CD27 and CD38 by peripheral blood B lymphocytes was determined by flow cytometry. Briefly, freshly drawn EDTA blood was washed twice with PBS supplemented with 1% BSA to remove the plasma. After washing, cells were suspended in PBS plus 1% BSA to the original volume and 100 ml of the cell suspension were incubated with anti-human CD19-eFluor-450 (clone HIB19; eBioscience, San Diego, CA, USA), anti-human CD24-FITC (clone ML5; BD Biosciences, San Jose, CA, USA), anti-human CD27-APC-eFluor-780 (clone O323; eBioscience), anti-human CD38-PE-Cy7 (clone HIT2; eBioscience) or the corresponding isotype control antibodies for 15 min in the dark. The red blood cells were lysed with FACS Lysing Solution (BD Biosciences). Cells were washed with PBS plus 1% BSA and analysed with an LSR-II flow cytometer (BD, Franklin Lakes, NJ, USA). The data were analysed using Kaluza 1.2 flow analysis software (Beckman Coulter, Brea, CA, USA).
Detection of IL-10-producing B cells by flow cytometry According to the previously described methodology [15] , IL-10-producing B cells were quantified using two approaches. Based on the method used, the IL-10-positive B cells are termed either B10 or B10pro cells. For detection of B10 cells, heparinized blood was diluted 1:1 with RPMI 1640 (Lonza, Basel, Switzerland) and stimulated for 4 h at 37 C with 50 ng/ml of phorbol myristate acetate (PMA; Sigma-Aldrich, St Louis, MO, USA) and 2 mM calcium ionophore (Sigma-Aldrich) in the presence of 10 mg/ml brefeldin A (BFA; Sigma-Aldrich). At the end of the culture the red blood cells were lysed with ammonium chloride buffer and the remaining cells were washed with PBS plus 5% fetal calf serum (FCS; Lonza). The cells were stained with anti-human CD19-eFluor-450 and anti-human CD22-PECy5 (clone HIB22; BD Biosciences) for 15 min in the dark. The cells were then fixed and permeabilized using the Fix&Perm kit (Invitrogen, Life Technologies, Grand Island, NY, USA) and incubated with anti-human IL-10-PE (clone JES3-9D7; BioLegend, San Diego, CA, USA) to stain for intracellular IL-10 expression.
For induction of B10pro cells, peripheral blood mononuclear cells (PBMCs) were cultured in RPMI 1640 [with 50 mg/ml gentamicin (GIBCO, Life Technologies) and 10% FCS] at a concentration of 1 Â 10 6 /ml. Cells were left untreated or were stimulated with CpG-ODN-2006 (500 ng/ml; Hycult Biotech, Uden, the Netherlands) for 72 h. In the last 5 h the cells were re-stimulated with PMA (50 ng/ml) and calcium ionophore (2 mM) in the presence of BFA (10 mg/ml). Cells were washed with PBS plus 5% FCS and stained using the same protocol as described above for B10 cells. All samples were analysed with an LSR-II flow cytometer and the data were processed using Kaluza 1.2 flow analysis software.
Monocyte suppression assay B cell suppressive capacity was evaluated as described before [15] . PBMCs were isolated from heparinized blood and cells were labelled with anti-human CD19-eFluor-450. CD19 + cells were sorted with fluorescence-activated cell sorter (FACS; MoFlo, Beckman Coulter); based on the post-sort purity analysis, the obtained population was >95% pure. Sorted B cells were cultured in the presence or absence of CpG-ODN 2006 (10 mg/ml) and anti-CD40 (1 mg/ml; clone 5C3; eBioscience) for 24 h. Monocytes were isolated using the IMag Monocyte Enrichment SetDM (BD Biosciences) according to the manufacturer's instructions. After 24 h, B cells were washed and monocytes were added in a ratio of 1:1. B cells and monocytes were co-cultured for 24 h. In the last 4 h, 1 mg/ml lipopolysaccharide (LPS; Ultra pure; InvivoGen, San Diego, CA, USA) and BFA (10 mg/ml) were added to induce TNF-a production in monocytes. At the end of the experiment, cells were washed with PBS plus 5% FCS and stained with anti-human CD14-PerCP-Cy5.5 (clone M5E2; BD Biosciences) for 15 min in the dark. Then cells were fixed, permeabilized (Fix&Perm) and stained with anti-human TNF-a APC (clone MAb11; BD Biosciences). Samples were analysed with FACSCalibur (BD Biosciences) and Kaluza 1.2 flow analysis software was used for data analysis. 
Results
Altered distribution of B cell subsets in AAV patients
Phenotypic characterization of the circulating B cell population was performed in 48 AAV patients and 41 age-and gender-matched HCs. Lymphocytes were gated from the forward-side scatter based on their size and expression of CD19 was used to separate B cells (Fig. 1A) . Transitional, naive and memory B cells were characterized based on expression of CD27 and CD38 (Fig. 1B) . Surface expression of CD24 in combination with CD27 or CD38 was used to distinguish two proposed Breg subsets ( Fig. 1C and D) . The percentage of CD19 + B cells within the circulating lymphocyte population did not differ between AAV patients and HCs ( Fig. 2A) . AAV patients with active disease had a decreased percentage of transitional B cells when compared with HCs or patients in remission (Fig. 2B) . Additionally, AAV patients had an increased percentage of naive B cells independent of disease activity (Fig. 2C ).
In line with previous studies [21] , we found a significantly decreased proportion of circulating memory B cells in AAV patients when compared with HCs (Fig. 2D) (Fig. 1BD) . Thus the proposed regulatory subsets represent two distinct populations. The proportion of CD19 + CD24 high CD38 high cells
was not different between HCs and AAV patients in remission, but was significantly decreased in patients with active disease when compared with HCs and patients in remission (Fig. 2E) . Also, the percentage of CD19 + CD24 high CD27 + cells was diminished in both remission and active patients when compared with HCs (Fig. 2F) .
Effect of treatment on B cell subset distribution
In order to rule out the effect of treatment on B cell subset distribution, we compared the percentage of total B cells and B cell subsets in untreated (n = 34) and treated (n = 14) patient groups. When patients were subdivided based on treatment but independent of disease activity, no significant differences were found in the percentage of circulating total B cells or any of the given B cell subsets. When only patients in clinical remission (n = 36) were subdivided based on treatment, treated patients (n = 10) had a significantly decreased percentage of circulating B cells, and none of the B cells subsets were significantly affected by the treatment ( (Fig. 3B) .
To determine the frequency of the B10pro cells, PBMCs were stimulated with TLR9 ligand CpG-ODN for 3 days (Fig. 3C) . The frequency of the inducible IL-10-positive B cells was measured in 18 HCs, 15 remission patients and 6 active patients (Fig. 3D) . In the HC group, the median percentage of IL-10-positive B cells was 9.2 (range 3.019.9), and this was not significantly different from the median level found in AAV patients in remission (median 8.1%, range 2.518.0) or patients with active disease (10.4%, range 4.921.8) (Fig. 3D) . These data suggest that the overall capacity of B cells to produce IL-10 is not compromised in AAV patients.
B cell capacity to suppress monocyte activation is comparable in AAV patients and HCs
To investigate whether B cells from AAV patients can suppress pro-inflammatory cytokine production by other immune cells, we tested their ability to inhibit TNF-a production by monocytes activated with LPS. As patients often present with low numbers of lymphocytes, total CD19 + B cells were used in this suppression assay.
Sorted CD19 + cells were activated with CpG-ODN and stimulatory anti-CD40 antibody and then co-cultured with autologous monocytes in a ratio of 1:1 for 24 h. In the final 4 h of the culture LPS was added to induce TNF-a production in monocytes. LPS-activated monocytes cultured in the absence of B cells were used as a positive control. For each individual, TNF-a expression in the positive control sample was set at 100% and the B cell-mediated suppression was calculated accordingly (Fig. 4A) . When monocytes were cultured in the presence of B cells that were not activated with CpG-ODN and anti-CD40, the median TNF-a production in monocytes was reduced by 38% in HCs and by 46.5% in GPA patients (Fig. 4B ). This B cell-mediated suppressive effect was further enhanced if B cells had been activated with CpG-ODN and anti-CD40 prior to co-culture with monocytes, resulting in a median inhibition of 60% in HCs and 58% suppression in patients (Fig. 4B) . These results demonstrate that B cells from AAV patients can suppress monocyte activation to a similar extent as those obtained from HCs, indicating that in AAV patients in remission B cell inhibitory function is not compromised.
Discussion
AAVs are autoimmune disorders in which both innate and adaptive immune mechanisms contribute to disease pathogenesis. Breg cells have been shown to influence both arms of the immune system and have the potential to exert their modulatory effects on immune cells involved in the pathogenesis of AAV. In this study we characterized circulating B cell subpopulations, including two putative Breg subsets, in patients with AAV and age-and sexmatched HCs. AAV patients during active disease had decreased frequencies of CD19 that was observed in patients is probably due to diminished transitional and memory subsets accordingly. Currently the reason for changes in B cell subset distribution is unclear. However, since B cells are known to be present in granulomatous lesions of AAV patients [23] , we cannot exclude the possibility that the observed alterations in the peripheral blood occur due to B cell migration to the site of inflammation.
In humans, no consensus has been reached yet with regard to cell surface markers that identify a unique Breg population and none of the currently proposed markers can exclusively distinguish IL-10-producing B cells from other B cell subsets. Also, a specific transcription factor, which could potentially be used to separate IL-10-producing B cells, has not been identified. Moreover, although studies have proposed the T cell Ig domain and mucin domain protein 1 (TIM-1) as a useful marker for delineation of Bregs in mice [24] , preliminary experiments from our group could not confirm this in humans (see supplementary Fig. S1 , available at Rheumatology Online). Recently van de Veen et al. [25] used a whole-genome expression array to characterize markers differentially expressed by human IL-10-producing B cells compared with B cells that do not produce IL-10. Surprisingly, none of the previously reported markers was found to be specific for the IL-10-positive B cell compartment. The frequency [14, 18] . At present we cannot explain these discrepancies. However, it should be taken into account that although IL-10-expressing B cells are considered the gold standard for distinguishing the Breg subset, Bregs also function through IL-10-independent mechanisms. These include production of TGF-b [27] as well as interaction with target cells via molecules expressed on the cell surface, such as CD80 and CD86 [14] . Our data also strongly suggest that B cells to a large extent suppress monocyte activation in an IL-10-independent manner, as monocyte co-culture with B cells without CpG-ODN and anti-CD40 activation resulted in significant inhibition of TNF-a production in monocytes. As B cells do not produce IL-10 without prior activation, this suggests that B cells inhibit TNF-a production through an alternative mechanism, although we have not dissected whether this inhibition is mediated via production of another soluble factor or through a cellcell interaction.
In AAV, autoantibodies are considered central players in disease pathogenesis, as ANCA-mediated neutrophil and monocyte activation is considered a critical event leading to blood vessel wall injury [1] . The use of B cell depletion therapy in AAV patients has not only proven clinically successful, but also has given more insight into the role of B cells in AAV. Rituximab-treated patients achieved clinical remission before the decline of circulating autoantibodies, suggesting that B cells also exert pathogenic effects in an autoantibody-independent fashion [5] , although the underlying mechanisms are not yet clear. Also, patients benefit from B cell depletion therapy even when Bregs are being depleted, suggesting that B cell-mediated proinflammatory effects dominate over their regulatory function. Recent studies have identified IL-6 as an important candidate effector cytokine that mediates the proinflammatory effects of B cells [28] . In the experimental autoimmune encephalomyelitis model, B cells are a major source of IL-6, and mice lacking IL-6-producing B cells had reduced disease severity associated with reduced IL-17 production by CD4 + T cells. Also, B cells isolated from MS patients secreted elevated amounts of IL-6 when compared with HCs. Interestingly, IL-6 production by B cells was normalized in the reconstituting B cell population after B cell depletion therapy. This suggests that the beneficial effects of B cell depletion therapy could be due in part to elimination of IL-6-producing B cells, which in turn leads to diminished Th17 responses. Since disturbances in T helper cell subsets conjunction with no or low immunosuppressive therapy were prone to relapse earlier than those who received high levels of maintenance immunosuppression. Although follow-up data were available from a limited number of patients, these data suggest that monitoring the B cell compartment could be informative in determining disease progression and activity, and possibly aid in predicting disease relapse. The current study was designed as a cross-sectional study, and one of the main limitations is the lack of longitudinal data. Therefore the current data set cannot provide information on alterations that possibly occur in the B cell compartment within individual patients during the course of the disease. Also, the number of patients that presented with active disease during this study (n = 12) is limited and the consistency of findings in active disease should be verified in a larger cohort of patients. Although we confirmed that during remission the B cell suppressive capacity was not disturbed, further investigations are needed to determine whether this is also the case during active disease.
In summary, the putative Breg subsets that have been proposed to harbour IL-10-competent B cells were diminished in the circulation of AAV patients. However, the ability of B cells to produce IL-10 and their capacity to suppress activation of other immune cells were not compromised in patients in clinical remission, implying that Bregs are functional in AAV patients with quiescent disease. Longitudinal studies in remittingrelapsing disease are needed to evaluate whether Bregs contribute to sustaining stable remission in AAV.
Rheumatology key messages
. ANCA-associated vasculitis (AAV) patients have dysregulated homeostasis of circulating B cells. . B cell capacity to produce IL-10 and suppress monocyte activation is not impaired in AAV patients in remission. . Future studies should investigate the clinical relevance of (im)balance between B cell pathogenic and suppressive functions in AAV.
